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Summary

We have determined the crystal structure of the en-
zyme-product complex of the hammerhead ribozyme
by using areinforced crystal lattice to trap the complex
prior to dissociation and by employing X-ray holo-
graphic image reconstruction, a real-space electron
density imaging and refinement procedure. Subse-
quent to catalysis, the cleavage site residue (C-17),
together with its 2’,3’-cyclic phosphate, adopts a con-
formation close to and approximately perpendicular
to the Watson-Crick base-pairing faces of two highly
conserved purines in the ribozyme’s catalytic pocket
(G-5 and A-6). We observe several interactions with
functional groups on these residues that have been
identified as critical for ribozyme activity by biochemi-
cal analyses but whose role has defied explanation in
terms of previous structural analyses. These interac-
tions may therefore be relevant to the hammerhead
ribozyme reaction mechanism.

Introduction

How does the three-dimensional structure of a ribozyme
activate catalysis? To address this question, we and
others (Pley et al., 1994; Scott et al., 1995) crystallized
the hammerhead ribozyme and determined its initial
state structure using X-ray crystallography. Although
the self-cleavage reaction proceeds in crystals of the
hammerhead ribozyme, allowing us to trap and observe
two conformational intermediates that occur prior to
catalysis (Scott et al., 1996; Murray et al., 1998a), the
structure of the enzyme-product complex that forms
subsequent to cleavage but prior to dissociation has
never been observed. Upon cleavage, hammerhead ri-
bozyme crystals become highly mosaic, making collec-
tion of useful diffraction data on the enzyme-product
complex impossible (Scott et al., 1996). To solve this
problem, we have now employed a reinforced version
of the crystal lattice to trap the hammerhead enzyme-
product complex and have determined its structure with
the aid of a real-space electron density refinement pro-
cedure referred to as X-ray holographic reconstruction
(Szoke, 1993).
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The hammerhead ribozyme (Prody et al., 1986; Uhlen-
beck, 1987; Haseloff and Gerlach, 1988) is arguably the
best-characterized ribozyme. Its small size, thoroughly
investigated cleavage chemistry, known crystal struc-
ture, and its biological relevance make the hammerhead
ribozyme particularly well suited for biophysical investi-
gations. However, several other ribozyme and ribozyme
fragment structures have now been elucidated. These
include the structure of a folding domain of the group |
intron (Cate et al., 1996) and the structure of a hepatitis
delta virus self-cleaving RNA crystallized subsequent to
cleavage and release of the 5’ region of the substrate
(Ferre-D’Amare et al., 1998). In addition, a 5 A resolution
crystal structure of the group | intron catalytic core has
emerged (Golden et al., 1998) that appears to agree
in large part with previous careful molecular modeling
studies (Michel and Westhof, 1990) and the structure of
the previously determined folding domain. The struc-
tures of two domains of the hairpin ribozyme have been
determined separately by NMR (Cai and Tinoco, 1996;
Butcher et al., 1999). Finally, NMR (Hoogstraten et al.,
1998) and crystal (Wedekind and McKay, 1998) struc-
tures of an in vitro selected ribozyme that cleaves in the
presence of lead ion have been determined recently.
Hence, our knowledge of catalytic RNA three-dimen-
sional structures has been greatly improved in the last
5 years.

Our understanding of the relationship between the
structure of catalytically active RNAs and their function
(i.e., catalytic activity) remains more conjectural. The
hammerhead ribozyme is still the only ribozyme whose
catalytic activity has been characterized in terms of
structural changes that take place in the crystal upon
initiation of the self-cleavage reaction (Scott et al., 1996;
Murray et al., 1998a), and it therefore offers the best
hope of understanding how RNA structure activates ca-
talysis. Despite the extensive structural and biochemical
characterization of the hammerhead ribozyme (McKay,
1996; Wedekind and McKay, 1998), many important
questions remain about how this RNA molecule’s struc-
ture enables it to have catalytic activity.

The main features elucidated from the hammerhead
ribozyme crystal structures are summarized in Figure 1.
In particular, an absolutely conserved four-nucleotide
loop, having the same sequence (CUGA) and structure
(Pley et al., 1994) as the uridine turn found in tRNAP",
forms a catalytic pocket (Scott et al., 1995) into which
the cleavage site base, C-17, is inserted. The exocyclic
functional groups on A-6 and especially G-5 of the cata-
lytic pocket are extremely sensitive to alteration (McKay,
1996). Removal of a G-5 exocyclic functional group can
reduce the activity of the ribozyme 100- to 1000-fold.
However, in the initial state (Pley et al., 1994; Scott et
al., 1995) and conformational intermediate structures
(Scott et al., 1996; Murray et al., 1998a), there are no
direct contacts between these functional groups and
the rest of the RNA. The remainder of the ribozyme,
including the conserved residues that augment Stem |l,
apparently allows assembly of the ribozyme in such a
way that serves to form the catalytic pocket and position
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Figure 1. The Crystal Structure of the Hammerhead Ribozyme
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(A) shows the three-dimensional crystal structure of the hammerhead ribozyme in its initial state conformation. (B) is a schematic diagram of
this structure designed to complement (A). The enzyme strand is shown in red, the substrate strand in yellow, and the cleavage site base in
green. Base pairing is indicated by white lines (with broken lines indicating noncanonical single H bond contacts), and pink lines indicate

base-ribose interactions.

the cleavage site base in it. Some experiments appear to
suggest that the conserved residues augmenting Stem Il
may also play a more direct role in the cleavage chemis-
try (Peracchi et al., 1997, 1998; Wang et al., 1999).
The initial state structures of the hammerhead ribo-
zyme revealed that the scissile phosphate was in a con-
formation that was not compatible with the known Sy2(P)
or “in-line” attack mechanism of cleavage, in which the
2'-oxygen, the attacking nucleophile, is required to be
in line with the phosphorus atom and the 5'-oxygen
leaving group. In terms of a recently proposed fractional
“in-line fitness” parameter (Soukup and Breaker, 1999),
the initial state conformation of the scissile phosphate
is quite incompatible (F = 0.05/1.0) with the S\2(P) mech-
anism. Hence, a conformational change that brings the
scissile phosphate into a conformation more amenable
to anin-line attack must take place for catalysis to occur.
Using a modified hammerhead RNA that cleaves
slowly, we previously captured a conformational inter-
mediate that is poised to form the in-line transition state
(Murray et al., 1998a). This conformational change in-
volved a 7 A movement of the cleavage site base and
ribose in such a way as to bring the 2'-oxygen attacking
nucleophile into a geometry more compatible with future
formation of an in-line transition state. The fractional in-
line fitness parameter for the scissile phosphate in this
conformation exceeds 1.0, indicating a potential contri-
bution to catalysis exceeding the estimated 12-fold to
10*fold (Soukup and Breaker, 1999) rate enhancement
predicted for a phosphate in the in-line conformation.
Due to our modification of the leaving group, the actual
transition state was essentially prevented from forming,
but initiation of the cleavage reaction was unaltered.
This allowed the conformational intermediate, stabilized
by a relatively high pH of 8.5, to accumulate in the crystal
under preequilibrium and pre-steady-state conditions
and to be observed (Murray et al., 1998a). The conforma-
tional change that we observed permitted us to suggest

that movement of the cleavage site base in such a way
as to position the attacking nucleophile correctly for in-
line attack formed the structural basis for hammerhead
ribozyme catalysis (Murray et al., 1998a). However, this
experiment could not reveal the force driving the confor-
mational change, nor did it illuminate the roles of con-
served bases in the catalytic pocket. Rather, it simply
revealed how the ribozyme rearranged its conformation
from that of the initial state structure to one allowing
the required in-line attack to occur.

The principle of microscopic reversibility (Levine and
Bernstein, 1987) states that the mechanisms for forward
and back reactions in a simple reaction equilibrium must
be identical. Therefore, the catalytic mechanism of the
hammerhead ribozyme cleavage and ligation reactions
must be the same, meaning that the sequence of events
for the reverse reaction should be indistinguishable from
those of the forward reaction when time is reversed.
Because of this, the structure of the enzyme-product
complex that forms just subsequent to cleavage of the
ribozyme should be as relevant to the catalytic mecha-
nism as is the structure of the conformational intermedi-
ate that forms just prior to cleavage. The Hammond
postulate (Hammond, 1955; Le Noble et al., 1977; Miller,
1978) states that for endothermic reactions, such as
the hammerhead cleavage reaction, the transition state
structure will be more product-like than reactant-like.
For these reasons, as well as for a complete structural
characterization of the hammerhead ribozyme reaction
pathway, the structure of the hammerhead ribozyme
enzyme-product complex is of particular importance.

Results

Although the self-cleavage reaction proceeds in crystals
of the hammerhead ribozyme, allowing conformational
intermediates to be trapped and observed, the structure
of the enzyme-product complex that forms subsequent
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to cleavage but prior to dissociation has never been
observed. Upon cleavage, crystals of the hammerhead
ribozyme become disordered and the quality of X-ray
diffraction deteriorates, thereby frustrating attempts to
obtain the crystal structure of the enzyme-product com-
plex (Scott et al., 1996). To circumvent the problem of
crystalline disorder caused by RNA cleavage in the crys-
tal, we have mixed a small percentage of modified (or
inhibited) RNA substrate (Scott et al., 1995; Murray et al.,
1998a) with unmodified RNA (Scott et al., 1996) during
crystallization. This enables us to obtain crystals in
which a known (and presumably randomly distributed)
subset of the substrate molecules in the crystal are
uncleavable or very slowly reactive. We find that this
confers sufficient rigidity upon the crystal lattice to en-
able us to cleave the active RNA substrate in a standard
single-turnover reaction under normal conditions with-
out disrupting the diffraction properties of the crystal.
In other words, we have strengthened the crystal lattice
of the enzyme-product complex by randomly incorpo-
rating unreactive enzyme-substrate complex reinforce-
ments and have thus used the crystal lattice itself to
trap the enzyme-product complex before it becomes
disordered.

A consequence of this “lattice trapping” experiment
is that the electron density map we obtain will be a
weighted average of the cleaved and uncleaved RNA
structures. These must be deconvolved in a bias-free
manner to enable us to observe the structure of the
enzyme-product complex accurately. The conventional
approach to doing so would be to employ residual omit-
difference Fourier maps, using the uncleaved RNA as a
model for generating crystallographic phases. However,
this approach suffers from the fact that the phases are
simply those of the nonomitted region of the structure.
Consequently, the difference electron density that ap-
pears for the omitted region tends to be somewhat de-
graded in quality. Coupled with the partial occupancy
of the cleaved structure, this has in practice made inter-
pretation of standard omit-difference Fouriers rather dif-
ficult if comparatively large portions of the molecule
change between the initial and final states of the re-
action.

Because of the limitations of conventional residual
difference Fouriers, we have turned to a previously de-
veloped technique that is based upon a formal analogy
that can be made between the omit-map imaging proce-
dure and holography (Szoke, 1993, 1998; Maalouf et al.,
1993; Somoza et al., 1995, 1997; Szoke et al., 1997a,
1997b). Briefly, the part of the X-ray diffraction pattern
generated by the known or nonomitted part of the struc-
ture is analogous to the “reference wave” in laser holog-
raphy and that corresponding to the unknown or omitted
part is analogous to the “object wave.” By exploiting
this analogy together with the constraint of maintaining
the positivity of the electron density, highly reliable im-
ages of the entire molecule of the hammerhead ribozyme
can be generated using less than one-fourth of the mole-
cule to calculate the reference wave, as a test case. This
result is consistent with several previous applications of
the X-ray holographic methodology (Somoza et al.,
1995, 1997; Szoke et al., 1997a, 1997b; Szoke, 1998).
The phasing potential of the known part of the molecule
is thus employed much more efficiently than can be

done using the conventional residual difference Fourier
procedure, making interpretation of omit maps for
the purpose of identifying unknown structural elements
or conformational changes much more reliable and
straightforward.

Deterioration of the Hammerhead Ribozyme
Crystals during Cleavage Can Be Prevented

By mixing unmodified, and therefore cleavable, ham-
merhead ribozyme substrate RNA with 25% to 50% RNA
of the same sequence but possessing a cleavage site
modification that inhibits cleavage (i.e., a 2'-F, 2’-OMe,
or 5’-C-Me modification at the cleavage site), we have
grown a series of crystals that remain intact under cleav-
age-active conditions but nevertheless have RNA that
can be cleaved in proportion to the fraction of unmodi-
fied substrate RNA incorporated. Thus, the enzyme-
inhibitor complex, presumably randomly incorporated
throughout the crystal lattice with an occupancy approx-
imately proportional to the fraction of inhibitor in solu-
tion, reinforces the crystal lattice, preventing disorder
from occurring when the remainder of the RNA under-
goes catalytic cleavage. The cleavage reactions were
run under several sets of conditions, including those
used previously for time-resolved crystallographic stud-
ies (Scott et al., 1996; Murray et al., 1998a) as well as a
neutral pH condition using 25 mM Cd(SQO,). Although the
hammerhead ribozyme, when folded, does not require
divalent cations for catalysis (Murray et al., 1998b), we
have found that Cd*" provides an unusually high (ap-
proximately 10-fold) enhancement of the rate of cleav-
age compared to all other conditions tested (J. B. M.
and W. G. S., unpublished data).

We collected monochromatic X-ray cryocrystallo-
graphic data sets to 3 A resolution on 12 hammerhead
ribozyme crystals containing various quantities of sub-
strate and inhibitor after the cleavage reactions were
allowed to go to completion. The data were collected
on a 2K CCD at Beamline X12C at Brookhaven National
Laboratory National Synchrotron Light Source. Subse-
quently, these frozen crystals were transported back to
the laboratory and assayed for extent of cleavage using
HPLC as described previously (Murray et al., 1998a).
The crystal having the greatest extent of cleavage that
yielded processable X-ray diffraction data had under-
gone 60% cleavage (as assayed by HPLC UV ab-
sorbance integration, as shown in Figure 2) under condi-
tions of 25 mM Cd(SO,), 1.8 M Li,SO, in 50 mM HEPES
(pH 7.0). A second crystal, in which 40% of the RNA
was cleaved, produced X-ray data of good quality after
having been subjected to the same cleavage conditions.
The X-ray data for these crystals were refined against
the previously determined initial state structure in this
crystal form, and the resulting model was used to gener-
ate the initial phase set for electron density map calcula-
tion in XPLOR 3.8 and EDEN (see below and Table 1).

Hammerhead Ribozyme Electron Density
Reconstruction Using the X-Ray

Holographic Procedure

Because conventional residual difference Fourier tech-
niques rely exclusively upon the phases of the known
part of a structure, their utility for imaging structural
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Table 1. Data Collection and Refinement Statistics

40% Cleaved RNa

60% Cleaved RNA

Data collection®

Cell (a, b, cin A)

Resolution (A)

Number of measurements
Number of unique reflections
Completeness

65.50 65.50 136.48

24.618-3.105
10825 (1455)
6253 (834)
95.5% (91.3%)

Rscae 10.4% (27.5%)

<I>/Sigma | 7.4 (2.4)
Refinement

Riest (90% of data) 25.8%

Rpee (10% of data) 32.1%

rmsd bonds (A) 0.011

rmsd angles (°) 1.972

rmsd torsion angles (°) 35.235

rmsd planar angles (°) 1.316

65.69 65.69 137.66
19.782-3.125

9814 (1395)

5371 (528)

85.8% (86.1%)

11.6% (38.0%)

5.4 (1.1)

26.9%
31.7%
0.012
1.732
36.830
1.784

@ Numbers in parentheses indicate values within the highest resolution bin.

changes, especially those that have only partial occu-
pancy, is limited. Due to this limitation, more powerful
techniques of image reconstruction would be particu-
larly helpful in the task of producing interpretable elec-
tron density maps generated from partial structures.
One such procedure, termed X-ray holography, uses the
known part of the structure to calculate a “reference
wave” and treats the remaining components of the ob-
served X-ray structure factors as an “object wave,” in
analogy with laser holography.

enzyme

product

substrate
\J 60% cleaved

enzyme

Relative absorbance

substrate

product

40% cleaved

10 15 20 25
time, minutes

Figure 2. Hammerhead Ribozyme Cleavage in Crystals Having Mix-
tures of Cleavable and Uncleavable Substrates

The top HPLC chromatogram was obtained by dissolving the crystal
used to obtain the structure in which 60% of the total substrate
RNA had cleaved, and the bottom chromatogram was obtained from
the crystal used to obtain the structure of the 40% cleaved RNA.
As we observed in characterizing this assay previously (Murray et
al., 1998a), the 25-mer RNA substrate elutes before the 20-mer RNA
product, possibly due to the presence of the 2',3’-cyclic phosphate
terminus on the product strand. Standards containing either 100%
cleaved substrate or 100% uncleaved substrate, as well as numer-
ous time courses in which the substrate peak is observed to disap-
pear as the product peak appears, verify the identity of these peaks.

Using the refined structure of the hammerhead ribo-
zyme in its initial state (Scott et al., 1996) as a positive
control, we tested the X-ray holographic procedure as
implemented in the program EDEN (Somoza et al., 1995;
Szoke etal., 1997a, 1997b) with the corresponding ham-
merhead ribozyme data set. By using less than one-
fourth of the molecule to calculate the “reference” wave
as a test case, we were able to recover interpretable
electron density for the entire molecule, a result consis-
tent with previous tests of the procedure (Somoza et
al., 1995, 1997; Szoke et al., 1997a, 1997b; Szoke, 1998).
The phasing potential of the known part of the molecule
is thus employed much more efficiently than can be
done using the standard residual difference Fourier pro-
cedure. We reasoned that if electron density maps gen-
erated in EDEN using less than one-fourth of this positive
control structure revealed interpretable density for the
entire molecule, then EDEN should be powerful enough
to detect fairly large-scale changes that take place in
crystals of the hammerhead ribozyme subsequent to
partial cleavage, given coordinates for the uncleaved
molecule and the unchanged parts of the cleaved mol-
ecule.

Crystal Structure of the Hammerhead
Ribozyme-Product Complex

The X-ray holographic procedure has enabled us to de-
tect and visualize a significant conformational re-
arrangement of the cleavage site base in the cleaved
hammerhead RNA structure relative to the initial state
structure, as is illustrated in Figures 3, 4, and 5. The
same conformational change in the cleaved RNA was
observed both in the crystal in which 60% of the RNA
had cleaved and the crystal in which 40% of the RNA
had cleaved. Instead of being positioned in the catalytic
pocket as it is before cleavage, C-17 (the nucleotide
5’ to the scissile phosphate) moves dramatically in such
a way as to be almost perpendicular to the Watson-
Crick faces of G-5 and A-6 in the catalytic pocket. The
three-dimensional arrangement of the cleaved RNA,
with a 2',3'-cyclic phosphate terminus generated by
cleavage of the scissile phosphate, is shown in Figures 3
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and 5, together with selected distances (not necessarily
hydrogen bonds) between C-17, G-5, and A-6. It is ap-
parent from the diagram (Figure 3) that several interac-
tions between C-17 and these enzyme strand residues
potentially exist. Most notable are the potential hydro-
gen bond that forms between the exocylic amine (N6)
of A-6 and a cyclic phosphate nonbridging oxygen and
the close approach of the keto oxygen (O6) of G-5 to the
2'-oxygen of C-17. These interactions are particularly
interesting because they involve functional groups that
reside on two residues (A-6 and G-5) that are quite criti-
cal for catalysis but whose importance cannot be ex-
plained by either the initial state or intermediate struc-
tures (McKay, 1996). Although the potential hydrogen
bond forming between the cyclic phosphate of the prod-
uct and the exocyclic amine of A-6 appears reasonable,
neither the keto oxygen of guanine nor the 2’'-oxygen
of the cyclic phosphate are normally protonated; hence,
there can be no hydrogen bond between them under
ordinary circumstances. C-17 instead appears to form

2',3'-cyclic
phosphate

C-17

Figure 4. The EDEN Holographic Electron Density Map

The holographic reconstruction of the electron density of the ham-
merhead ribozyme cleavage product at 60% occupancy shows den-
sity that accommodates the 2'3’-cyclic phosphate terminus at C-17.
The nucleotide and cyclic phosphate were omitted during map cal-
culation. The additional density corresponds to the position of C-17
in the uncleaved substrate. (The holographic reconstruction proce-
dure relies upon “apodization” or smearing of the data, which yields
a map having more rounded features and thus gives the impression
of being somewhat lower in resolution compared to the map below.)

Figure 3. Stereo Image of the Cleavage
Product

The 2',3'-cyclic phosphate terminus of the
ribozyme substrate complex is shown with
various distances to the two closest residues
of the enzyme strand, G-5 and A-6. Not all
distances represent hydrogen bonds, as dis-
cussed in the text.

a perpendicular stabilizing aromatic interaction with G-5
that is reminiscent of what is often found in protein
structures (Burley and Petsko, 1985). To form a hy-
drogen bond, either the 2'—oxygen would have to be
protonated, or G-5 would need to exist as the enol
tautomeric form. Both are unlikely for a stable enzyme-
product complex under near-neutral pH conditions but
may have some catalytic relevance as will be discussed
below. The largest estimated rmsd coordinate errors for
the atoms implicated in these interactions, based upon
multiple independent simulated annealing refinements
using different starting trajectories as well as a Luzzati
analysis, are on the order of 0.25 A, permitting a conser-
vative estimation of the error associated with these mea-
sured distances of approximately =0.5 A.

Discussion

Implications for the Mechanism of Hammerhead
Ribozyme Self-Cleavage
According to the Hammond postulate, transition state
structures for endothermic reactions are more product-
like, and those for exothermic reactions are more like
reactants (Hammond, 1955). The hammerhead ribozyme
cleavage reaction is somewhat endothermic butis spon-
taneous because of a large entropy gain realized upon
cleavage (Hertel and Uhlenbeck, 1995). As a simple ap-
proximation, the enthalpic penalty paid in product for-
mation is likely due to the formation of the cyclic phos-
phate, and the entropy gain that offsets this penalty
arises primarily from relaxation of the enzyme-product
complex subsequent to cleavage, and dissociation of
the cleavage products from the enzyme strand of the
ribozyme (as well as an RIn2 contribution from the pro-
duction of two product strands from one substrate
strand). This analysis permits us to suggest that some
of the interactions observed in the enzyme-product
complex may resemble those that occur in the transition
state. Indeed, the most obvious manifestation of this
effect is the resemblance of the 2’,3"-cyclic phosphate
to a 2',3',5'-cyclic oxyphosphorane transition state.
Atleast two such potential transition state interactions
should be considered, based upon the structure of the
enzyme-product hammerhead ribozyme complex. First,
the exocyclic amine of A-6 may hydrogen bond to one
of the nonbridging oxygens of the pentacoordinated
oxyphosphorane transition state, helping to dissipate
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G-5

C-17 cleaved

the accumulating negative charge. Evidence for a pro-
tonated, triester-like transition state structure has re-
cently been presented (Zhou et al., 1998). Second, the
potential interaction between G-5 and the 2’'-oxygen
of C-17 may also be of catalytic relevance if it persists
in the transition state. The 2'-oxygen of C-17 in the
substrate is initially protonated. If the 2’-H is transferred
to 06 of G-5, the cleavage reaction might be initiated
as G-5 transiently accepts a proton. Because the enol-
like state of G-5 is unfavorable, this proton, or an N1 or
N2 proton, would likely be surrendered to the solvent
rather quickly, allowing restoration of the uncharged,
keto state of G-5. The principle of microscopic reversibil-
ity can then be invoked to explain how the relatively rare
back reaction is catalyzed. In addition to stabilization
of the cyclic phosphate by the hydrogen bond to the
exocyclic amine of A-6, the relatively rare keto-enol tau-
tomerization of G-5 can potentially supply a proton to
the 2’-oxygen in the (entropically unfavorable) event of
nucleophilic attack by the 5’-terminal oxygen of residue
1.1 in the other product strand. Alternatively, the exocy-
clic amine may instead, or in addition, participate in
transition state interactions that aid proton transfer in
both the forward and back reactions in a form of anchi-
meric assistance. Although these mechanistic propos-
als have the merit of explaining the requirements for the
G-5 and A-6 exocyclic functional groups, they do not
address how the 5'-oxygen is stabilized during cleavage
or how it becomes deprotonated when the ligation reac-
tion is catalyzed. The crystal structure of a stable transi-
tion state analog that mimics the pentacoordinated oxy-
phosphorane will perhaps be best suited to answer

G-5

Figure 5. Stereo View of a Standard 2F, — F,
Map

The map, calculated in XPLOR 3.8, shows
reasonable density for the omitted, 40% oc-
cupied C-17 and its cyclic phosphate (shown
in green). The density for the remainder of the
catalytic pocket region is shown, including
that for the uncleaved C—17 (also shown in
green).

C-17 cleaved

these additional questions, as well as to test the mecha-
nistic hypotheses we are presenting.

Terbium has been found to inhibit the hammerhead
ribozyme cleavage reaction, and a combination of
luminescence spectroscopy and X-ray crystallographic
analysis has implicated a Th®* that binds to the Watson-
Crick face of G-5 as being inhibitory (Feig et al., 1998).
In this work, the authors proposed that Th®* may inhibit
the cleavage reaction by preventing G-5 from making
interactions required for catalysis. Our structure of the
hammerhead ribozyme cleavage product, together with
the Th®" experiments, permits us to suggest that Th3*
inhibits cleavage by blocking C-17’s interactions with
G-5 and A-6 and thus provides some independent evi-
dence that an interaction between C-17 and the exocy-
clic functional groups of these purines might be impor-
tant for hammerhead ribozyme catalysis. The exocyclic
amine of A-6 has also been found to be critical for cataly-
sis by Ng et al. (1994), who found an approximate 100-
fold cleavage rate reductions upon substitution with iso-
guanosine, 2-aminopurine or guanine. However, Fu and
McLaughlin (1992) had previously found that substitu-
tion of A-6 with purine had only a minimal effect upon
catalysis. The consensus on the importance of the exo-
cyclic functional groups of G-5 is more uniform, with
several groups (Fuand McLaughlin, 1992; Fu et al., 1993;
Grabby et al., 1993; Tanaka et al., 1993; Tuschl et al.,
1993; reviewed in McKay, 1996) agreeing that removal of
either the exocyclic amine or oxygen decreases catalytic
efficiency by at least 100-fold while increasing K., on
the order of 5-fold. It is therefore clear that the presence
of the exocyclic functional groups on the purines of the

Figure 6. A Stereo Diagram that Depicts the
Progress of the Cleavage Reaction

The enzyme strand is shown in red, and C-17
is shown in three different positions: the initial
state structure in yellow, the later conforma-
tional intermediate structure in green, and the
ribozyme-product complex structure in light
blue. This gives an impression of the rather
dramatic conformational dynamics that the
ribozyme undergoes during catalysis.
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catalytic pocket or domain | are associated with a two
to four orders of magnitude rate enhancement of ham-
merhead catalysis, complementing the estimated one
to four orders of magnitude rate enhancement provided
by the in-line geometry of the scissile phosphate.

What is less clear is the role of the remaining con-
served bases that augment Stem |l (or the residues that
compose domain ll) in catalysis. It is clear that these
residues are critical for forming the proper fold of the
hammerhead ribozyme as has been discussed pre-
viously (Pley et al., 1994; Scott et al., 1995), but several
modifications (reviewed in McKay, 1996) decrease the
rate of catalysis by one or two orders of magnitude while
having minimal effect upon the K. These results have
beeninterpreted as implicating the remaining conserved
bases more directly in catalysis. Although division be-
tween ground state and transition state effects of muta-
tions can be problematic (Cannon et al., 1996), these
results indicate either direct or at least indirect participa-
tion of the remaining conserved residues in formation
of the transition state. Previously, we reported small
conformational changes within the augmented Stem |l
helix in the transition from the initial state to the interme-
diate state structure (Murray et al., 1998a), including
apparently tighter binding of a metal ion coordinated to
the A-9-phosphate. We have also observed conforma-
tional heterogeneity in this region in two crystallographi-
cally independent molecules of the initial state structure
in a different crystal form (Scott et al., 1995). However,
in the current study, we have not attempted to decon-
volve the initial state and cleaved state structures in this
region, as this would involve refinement of a much larger
set of parameters against the same number of measure-
ments, making identification of small differences unreli-
able. Therefore, we are unable to provide any new insight
into the catalytic role (if any) of the conserved nucleo-
tides augmenting Stem Il, as any such changes are small
in magnitude compared to that observed for the cleav-
age site nucleotide (C-17).

In any case, we now have structures of the hammer-
head ribozyme at several points on the self-cleavage
reaction pathway. These include the initial state ham-
merhead structures, with both active and noncleaving
or slowly cleaving substrates, all of which are essentially
identical, as well as two freeze-trapped intermediate
conformations that form prior to catalysis, and now the
structure of the enzyme-product complex. Choosing the
initial state structure, the later conformational intermedi-
ate structure, and the ribozyme-product complex struc-
ture, we can represent the rather dramatic reaction con-
formational dynamics with three superimposed structures
as shown in Figure 6.

In summary, the structure of the hammerhead ribo-
zyme enzyme-product complex, together with that of
the conformational intermediate captured prior to cleav-
age (Murray et al., 1998a), enables us to propose that
a conformational rearrangement of the cleavage site
nucleotide during catalysis first involves positioning of
the attacking nucleophile in-line with the 5’-oxygen leav-
ing group of the RNA in a manner similar to that observed
in the intermediate structure and, subsequently, may
involve interactions between the scissile phosphate and
ribose of C-17 and the exocyclic functional groups of
G-5 and A-6. Our previous finding that the hammerhead

ribozyme does not fundamentally require the presence
of divalent metal ions in its cleavage chemistry (Murray
etal., 1998b) entails that the RNA itself must possess the
chemical properties that make catalytic self-cleavage
possible. In this sense, a reaction mechanism requiring
direct involvement of the critical functional groups con-
tained in the catalytic pocket is particularly appealing.
However, it must be pointed out that our proposal that
the interactions that we observe in the enzyme-product
complex are relevant to the transition state, even in the
unlikely event of being correct in every detail, is still
incomplete as it does not address the problem of how
the 5’-oxygen leaving group is stabilized (or how a pro-
ton is abstracted to generate the 5’-oxygen attacking
nucleophile in the reverse reaction). Nor does it explain
the critical requirement for C-3 in catalysis. (It is however
tempting to speculate, based on the proximity of C-3
to the 5’-terminal oxygen of the cleaved structure, that
the two collaborate to provide additional catalytic power
to the ribozyme.) Our crystallographic results also do
not rule out a proposed mechanism in which the phos-
phate at A-9 and the scissile phosphate together coordi-
nate a single metal ion (Peracchietal., 1997, 1998; Wang
et al., 1999), but based upon the constraints imposed
by the crystal lattice and the lack of a strict requirement
for a metal ion, the 20 A rearrangement required by this
metal-dependent mechanism is hard to reconcile with
our current and previous results. This hypothesized con-
formational change can also be shown to contradict
the results of several chemical crosslinking experiments
(Murray and Scott, 2000).

Comparison of the solution NMR spectra of a cleaved
and uncleaved form of the hammerhead ribozyme indi-
cates that a significant structural change in the core
region of the ribozyme takes place after cleavage (Si-
morre et al., 1997). The strongest evidence for this is
the emergence of an NOE upon cleavage that indicates
base pairing between U-4 of the catalytic pocket and
U-7. These residues are about 10 A apart in the initial
state crystal structures; consequently, a significant con-
formational change must take place in solution subse-
quent to cleavage. Although we have not observed a
direct interaction between U-4 and U-7, it must be re-
membered that in the case of the crystal structure of
the hammerhead ribozyme-product complex, the crystal
lattice has most likely trapped the cleaved RNA in a
conformation that precedes formation of that observed
in solution. Molecular dynamics calculations performed
with the initial state crystal structure but augmented by
the NMR data appear to indicate that G-5 is brought
closer to the cleavage site nucleotide (Simorre et al.,
1997). From the perspective of the crystal structure,
the cleavage site nucleotide is brought closer to G-5,
perhaps in a way that is consistent with these NMR-
based predictions. In any case, the two sets of experi-
ments are in agreement that a significant conformational
change takes place upon cleavage, even if the results
of these experiments do not agree in every detail.

Experimental Procedures

Crystallization of the Mixed RNA Crystals

Crystals containing various mixtures of unmodified (cleavable) and
uncleavable hammerhead RNA molecules were grown using crystal-
lization conditions previously reported (i.e., with 1 mM ribozyme in
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50 mM NaOAc buffer [pH 5.0], 1.8 M Li,SO, in the absence of Mg?*
and other divalent cations). The various strands of RNA were synthe-
sized using oligoribonucleotide phosphoramidite chemistry, using
deoxycytosine solid-phase supports. The RNA was purified succes-
sively by anion exchange HPLC and C-18 reverse-phase HPLC and
subsequently desalted. We combined 4 pl of the RNA solution with
2 pl of reservoir solution (50 mM NaOAc [pH 5.0], 1.8 M Li,SO,, and
1.0 mM EDTA) and equilibrated as hanging or sitting drops against
0.75 ml of the reservoir solution sealed in a Linbro tissue culture
plate at 16°C. The best crystals (0.2 X 0.2 X 0.3 mm) grew in these
initially 6 pl drops rather than larger drops, formed within 2 to 3
days. The crystals were grown from mixtures containing unmodified
hammerhead ribozyme substrate (Scott et al., 1996) or modified
substrate (Scott et al., 1995; Murray et al., 1998a) at varying ratios
(e.g., 1:3, 1:1, and 3:1 unmodified to modified substrate RNA). The
actual extent of cleavage (and therefore likely the true ratio incorpo-
rated in the crystal) was subsequently assayed by HPLC (see below)
as done previously (Murray et al., 1998a).

Collection of X-Ray Diffraction Data

Each crystal was soaked in a freezing solution consisting of 20%
glycerol, 50 mM sodium cacodylate buffered at pH 6.5, 1.8 M Li,SO,,
and 10 mM CdSO, for at least 200 min to ensure that cleavage
to go to completion. In all cases, the soaking experiments were
terminated by flash-freezing the crystals in liquid propane cooled
in a bath of liquid nitrogen. Further details of data collection are
described in Table 1.

Assay of the Extent of Cleavage

We assayed the cleavage in the crystal by HPLC as described pre-
viously (Murray et al., 1998a). Subsequent to data collection, crystals
were thawed in a solution of 0.5 M EDTA and allowed to soak for
30 min before disrupting it and dissolving it in the EDTA solution.
The sample was then analyzed at 50°C by ion exchange HPLC
(Dionex DNA-PAC), using a gradient of 350 mM to 650 mM NH,CI
in 30 min. Representative chromatograms are shown in Figure 2.
Controls containing either 0% or 100% cleaved RNA were used to
identify the locations of the substrate and product peaks.

Initial Refinement of the Data

Initial rigid-body refinement followed by conventional positional re-
finement (Powell minimization) in X-PLOR 3.8 (Brunger, 1993) was
performed to refine a starting model for each RNA crystal structure.
This starting model was then further refined using a standard simu-
lated annealing slow-cooling molecular dynamics protocol followed
by conventional positional and (highly) restrained temperature factor
refinement in X-PLOR 3.8 using data from 8.0 Ato 3.0 A resolution
and a modified RNA geometry parameter library (Parkinson et al.,
1996). This procedure lowered the R factor to about 27% in each
case while maintaining very precise geometry. The cleavage site
base (C-17), the scissile phosphate (of A-1.1) and residues 3-6 of
the catalytic pocket were then omitted for a final round of simulated
annealing refinement, and the coordinates of the remaining parts
of the molecules were then used for constructing conventional
(2F, — F.) and EDEN-based omit maps.

EDEN Holographic Reconstructions

Refined structures having the cleavage site base (C-17), the scissile
phosphate (of A-1.1) and residues 3-6 of the catalytic pocket omitted
from the last round of refinement were used as initial models for
EDEN holographic construction in both correction mode and com-
pletion mode. A solvent target was prepared using the initial state
ribozyme structure to construct a low-resolution solvent mask, and
this was incorporated with a low (0.1) weighting in EDEN holographic
electron density map reconstruction calculations. The maps were
inspected at an rms cutoff of 0.4 to 0.6, as is typical for EDEN maps
that are calculated on an absolute scale with positivity constraints
on the electron density. Similar electron density features corre-
sponding to the cleaved nucleotide (Figure 4) were observed in
both the 40% cleaved RNA map and the 60% cleaved RNA map. A
composite electron density map obtained from adding these two
maps together and subtracting a third EDEN electron density map
for the uncleaved structure (with the same nucleotides omitted)

yielded what was essentially an averaged map of the cleaved struc-
ture at 100% occupancy (with the density for the uncleaved RNA
subtracted out). Although this map was rather noisy, it clearly pre-
served the unique features assigned to the cleaved RNA. To further
test the veracity of the EDEN electron density maps, conventional
2F, — F. maps for each crystal were constructed in XPLOR. Both
maps are in agreement with the structure determined from the EDEN
maps. The map corresponding to the 40% cleaved RNA (i.e., the
weaker signal for the cleaved RNA) is shown in Figure 5. Hence, the
structure for the cleaved crystal has been obtained in three ways
using two independent X-ray crystal structures. These include the
EDEN-generated electron density maps for each, the puow ceaved) =
Puaove + peove = Puoos electron density map, which
is essentially an average of the two cleaved structures generated in
EDEN, and two independent 2F, — F. maps calculated in XPLOR 3.8.

Final Refinement of the Structures

Following construction of a model for the cleaved RNA, the 40%
cleaved and 60% cleaved RNA structures were refined using the
standard protocol for treating multiple conformations in XPLOR 3.8.
The occupancies of the cleaved and uncleaved substrate strands
in the two crystals were set to those obtained from the HPLC assay,
and a single enzyme strand having a 100% occupancy was em-
ployed in each case. To further minimize the number of independent
variables to be refined, only nucleotides U-16.1, C-17, and A-1.1
were allowed to adopt two separate conformations. The 20-mer
product strand was modeled with a 2’,3’-cyclic phosphate terminus
having standard geometry, incorporated as a “patch residue” in
XPLOR 3.8. Each structure was then refined to completion using
the same protocol as outlined above. Finally, the low-resolution data
were incorporated, and a solvent mask was determined and partial
calculated structure factors were generated to model the bulk sol-
vent contribution to the X-ray scattering amplitudes within X-PLOR
3.8. The structure was then further refined with all amplitudes from
43.0 A to 3.1 A resolution above 2, using the modeled bulk solvent.
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